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I. INTRODUCTION 



Fundamental knowledge of the interactions of 
neutrons and gamma rays with matter is essential for an 
understanding of nuclear shielding. Most shielding 
studies have been concerned with the attenuation of rad- 
iations by materials in bulk. Little work, however, has 
been done on the effects of ducts and other openings in 
shields. Nearly every shield must be perforated to some 
degree, and leakage through such openings may constitute 
the major uncertainty in the shield design. The M.I.T. 
cyclotron has recently been relocated inside a ooncrete 
shield. A large movable section of this wall provides 
access to tho inside of the cyclotron vault. The par- 
tially elevated door provides a convenient platform on 
which materials can be arranged for test purposes. 

In the present work concrete blocks containing 
six-inch ducts were used. The effects of ducts on the 
neutron and gamma ray attenuations in the shield were 
investigated. The practical results of such a study as- 
sist in determining the optimum shape and position of 
openings and voids in shields. The particular experi- 
mental arrangement which we have used at the M.I.T. cy- 
olotron provides data of direct value in tho theoreti- 
cal understanding of ducts. The use of water tank3 in 
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II. EXPLiil.- JJTAL AP5UJrJ«-:lKT *0. ruOCM/ 

Description of Cyclotron hleld ond Door 

The M.I.T. cyclotron is installed in e room 
whoso principal interior dimensions are 22* by 16* by 
12*. It is shielded by ordinary concrete of thicknoss 
four feet on each of four sides and three feet on top. 
The general arrant ament is as si o«n in ^it ure 1. 

Access to the interior is by on opening in 
the shield 8'6 n high. This openinr io ei<*’ t feet *ido 
at the inside of the shield, nine feet wifi 0 a t the out- 
side. It is closed by a oonorcto door four feet thick, 
which is lifted vertically into position iron a recess 
in the floor by hydraulic power. The step in its. hori- 
zontal cross section et the aid-point prevents the 
straight-through penetration of rr diet ion ct the floods 
ed,e. 

The concrete i lx uaed in the fabrication of 
the cyclotron shield *a ropared by the oston and 
and Gravel Coipany using one part by '/eighth Type II 
■ or t land eement, t.o porta »an<5, end four parts grovel 
(1* ratod to 1/4” )• The chcMiionl analysis of the ce- 
ment on a '’eight bods is -.-Ivan in 1* ble I. 




■ «M« wh m*i * w rai u 

. 



«> M tf >•* #i«- « « .u «. »4< ► |.^« 







/% *0 




Figure— | 



Plan View Of Cyclotron And 



Shield Showing Position Of Ducts 
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An estimate of the ooahoeition of the e*nd 
and c ravel used ia baaed on its origin and glvan in 
Table II. 



T -nu II 

Sand and Gravel Co- 1 ': oaition 
in Cyclotron all 
(weight baoifi) 



Si 0 2 

ai 2 O3 
re 2 0 3 
Fe 0 
Co 0 
ha 2 0 

h 0 
»2 0 



Sand 
95* 7 
1.0# 
0.04 
0 . 27 , 
0 . 25 . 

o.car 

0 . 61 . 

trace 



Gravel 

73.6a; 

14 . 44 ' 

0.43 

1 . 49 ? 

1 . 0 * 

4 . 20 ? 

4 . 46 , 

trace 
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An analysis of the conorete by Oak idle 
Jiatlonal Laboratory indicated a water content of 7*6 
by weight. From the foregoing, the cyclotron wall has 
an average composition as given in Table III* 



TAELS III 

Average Composition of Concrete 
in Cyclotron .oil 
(weight basis) 



n 


0.84 


0 


50.38 


Ci 


31.4 


A1 


4.65 


Co 


6.42 


Fe 


1.29 


'M 


0.11 


Ka 


1.82 


K 


2.09 


S 


0.08 


Mi 40. 


0.33 
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Th> r'.actlon *5-^(d t n) tH" w rrovidon an iiii «n«<i 
sourc of fr st neutrons *inci ener?.*tie «?-• . r»ya. x -a 

neutron »- ’Ctrur. front’ll: so’ roe h* •’ & iovestl***xed 
both thfior* tlcnlly and cr;-«rin«ntc liy b> cohen'’ u«is»» 
14~Yov deutorouc (see Figure 2). ince the •. outtrade 
incident on th® berylliu In the prjaent ea ©riaauta 
wore opproxi. atoly 15 *-3V in enerry, the resultin'* xi ou- 
tran spectrum should bo very similar to that uat- tinea 
by Cohen. 

fn interpreting tne r- jult . oc the.* oi, .rl- 
irents, however, it la desirable to *uiO* th® •poetruu euj 
distribution of neutrons at the ©ntrunoe to ths dust*. 

/n shewn In figure 1, the i.ucjt entrances ar • orientjd ap- 
proximately 90° to the direction cf the deuteron be-m t 
the tarrst. Obviously the neutron Intensity ia ro -to^t 
in tho forward direction. .oberts end .,b*. I3cn9 found 
five to twenty tinea aa canny neutrons at 0 ,v to the deu- 
tcron beam os at 90° uain u, Cu, Al, ana C t. r- Jts, 
and Cu, Ar, 1, and n detectors. i c nt c*, - rla..<inte by 
Falk, eitz, nd Creutz- usinf. the ^(d.r) 1C r-actlon 
show a h'-lf-width of 26 decrees fox* the intensity of the 
mordent m.utron cone a deters a by , detoclora (6- 
’*v threshold) and of 31 de.?,r»*oi' ' <1 tcrnlned by Cu do- 
tectorn (12*5- ev threshold). 

Proa the fore.'oln :, it vtul bo expected that 
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a c=.zill percentage of tho neutrons produced t tie tar- 
get would be directed toward the ducts. uch neutrons 
must penetrate a minimum of eight lneh*s of scattering 
materiel (braes) in the cyclotron vacuum chamber, dees, 
and resonant lines. The probability that a neutron 
from the target would not be scattered beforo reaohin- 
the duct is <£ .02, 

Insofar ea it affects the neutron i^ctrua 
and the angular distribution at the duct entrances, it 
is important to distinguish between neutrons produc -td 
at the target and elsewhere, ‘Unoe only 10 to 25 per 
cent of tho resonant ion bean reaches the tirget, a 
diffuse source of neutrons will bo pro ue-»d in the cop- 
per of the dee struoture and in the tun! .«ten o*ptucu 

As a first approximation in these ox. eriaants, 
the cyclotron vault any be considered ns a dlffu^- 
source of neutrons. To test tills hypothesis, the con- 
crete blocks were rearranted to reposition the str-d^ht 
duct as shown in Figure 5, The neutron att*nuMtions 
for both position© (see Figure 9) ere nearly id* .tie* 1 
over most of the duct length. The r-, ult* tend to sup- 
port this approximation. It np> ears th^ t the source of 
neutrons was sufficiently co; ntont ov-r the inner face 
of the concrete blooks to alio without ■ correction a 
comparison between ducts of 1 if f* 1 rent shapes located at 
small distances fron one anotl *i in the front door of 
the cyclotron shield. 
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The design and errang&r.ont of the cyclotron 
door la such that It can be conveniently adopted to an 
experimental study of the rroblea under invest i .>tion. 

By lowering the cyclotron door, an opening can b: mode 
in the shield at its top, By filling this op*nij< - with 
concrete blocks containing duote of a elected size, an 
effective substitute can be made for the actual pene- 
tration of the shield iteelf. 

A set of concrete blocks vms deal n<d »ho-a 
overall dimensions in a horizontal plan * • or-# identical 
with those of the horizontal cross section of the door. 
The primary considerations governing their thickness 
were the size and oonforanticn of *ucts to bo studied, 
the allowable overload on the hydraulio hoisting system, 
and the desirability of separatin' the ducts from dis- 
continuities in the shielding medium. In order to c- 
oommodate oounter tubes and their associate a.ui,*. nt, 
and, in addition, to obtain a sectional area of duct 
large co. pored to the reo of foils uo.d for detection, 
a duct diameter of six inches was select . l/C-inch 
thiok steel plate on top of the cyclotron door made it 
doolrable to separate the outer e*' a of the duot from 
this diccontinuity by at lea*Jt nine inches. Givi;, con- 
sideration to the allo/abl* overl^d on the hyjraulio 
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hoieting syotaa for the door, It wau consider**: tanlr"- 
bl>i to Unit the overload to between four <.nc : five tana. 
A totrl block thickness of twenty- four inches end over- 
all weight of about 4.4 tons wers rocor ir.fly chosen. 

The only difficulty experienced as a rorvlt m the 11-j- 
it at ion thereby imposed on tbe co- for tion of the heli- 
cal duct. 

For convenience in headline, th« elriit was 
divided between ei*ht blocks. The interfaces b*t -in 
blocks were offset to prevent the atrai ht-throufh pen- 
etration of noutrons end gai.-si r»'ya in tbe cps.iinf- be- 
tween blocks. Considerable cere wee t-fc n in -^nufsc- 
ture to obtain a»ooth a u. re f«cja both to minimize each 
penetration and to fmintain the shieldin' is*:-lum as uni- 
form r s possible. The effect* of such diveontirultis • 
were further reduced by locatin'" the ducts * a far >*s 
possible from there* Reinfcrcinr -At* riel was not u.»ed 
in order completely to avoid eny effeots of the iucl-*r 
reaotlons that would result from ito u»e. 

^irst consideration was giv'm to ''uct with 
two right-aiv>:lo bends shown in ’ i are 3, it was 
thought desirable to ;^netrata the si i*"ld by displacing 
t o sections of a straight duct wnc joini. ' those auc- 
tions r/ith an intermediate sectl *n nor ol to bot . In 
an attempt to keep a3 much shieldin' oteri«-l >ou«l- 
blo in line ;ith eaoh of the dla;laoed seotlom , they 




Straight & Bent Ducts Through Concrete Blocks 
In Cyclotron Shield 




Figure - 4 

Straight 81 Helical Ducts Through Concrete Blocks 
In Cyclotron Shield 




Figure- 5 

Alternate Location Of Straight Duct Through Blocks 
In Cyclotron Shield 
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were nad' e^ual In length. It a»e»<«d probe bis, c>r<cver, 
that a duct would be effective if the amount of ’viteri&l 
recoved in straight lin«a along the duot axis were 
continuously small. duot was accordingly designed 
whose center lino was a helix of helical etvle 270°, It 
was necessary to restrict tho ancle to this v«*lue es e 
maximum In order to prevent the duct frcw. cloaiiv on a 
line normal to the Inner fece of tho shiel" at the duct 
entrance. 

To compare accurately th' attenuations obtained 
in each duot, it \mts necessary that th / either be tested 
under Identical conditions of oyclotron operation {an im- 
possibility) or that they be ref ei rod to .ncae standard, 
Moreover, it seemed important to inv t Irate the proper- 
ties of a straight duot. Hence, the blocks 1 ere designed 
to include such a duct for basic study. t tho sans time 
measurements made on tho straight, duct wer* used for nor- 
malisation of the measurement on other ducts. 

Certain of the investigations required that the 
ducts be closed in whole or in r«rt. Concrete plugs of 
verylng lengths *rere therefore fabricated e« shown in 
figure 7. 

The composition of the concrete :>lu*s tlu't 
of the concrete blocks. roc*- 5* wa> provided **t on' end 
of oo oh block for tho insertion of foils an. foil hold- 
ers. The variable length of the lugs ru.de it ^oaalble 




gure 6. 



Count or o, 



seniors, and timer. 





Figure 7. Blocks in place on lowered cyclotron door 
with cyclotron in background. Note foil 
holders in exit of bent duot and concrete 
plugs in position in exit of straight duct. 
Extra concrete plugs are shown on top of 
the blocks. 




Figure 8 . View allowing blocka in position and oyolo- 
tron door in the olevated position. Note 
arrangement of foils for measurement of 
radial distribution around outlet from 
straight duct. 
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"^Ut-'CTl ’ flt-CtlO .tl 

If a thin foil of thlc r n f T an» -na < cur - 
taining ’ nuclei cf baorrtion crc«* ction •('.) at 
neutron anervy /«r unit volu< i yb c.id in a n- utroa 
flux nv(f.)» the number of neutron* b orbed »r second 
is given by 




If the foil is exposed in the flux for a t’*e t # and has 
an uotlvity of jaean life T\ the rodio*. ctlvity produced 
will bo given by 

R- * ; (1 - ) die integration® par 

second 

second* (2) 

Furthermore, if the dotector has a cross acotion v ; :-ich 
varies as l/v, 

c;«A^nd7\ (3) 

any elements, including indlu»^5 1 exhibit a l/v change 
in croc cection and therefor* ere activated In eocord- 
cn oo with equation (3). In^^ has a croai. seotion of e- 
bout 100 barns at 0*1 ev .hlch inore^sea as l/v for do- 
oroaoin energies (54-minute be.te otivity). In addi- 
tion, it has a high (26,400 barns) ana narro-; res©; "nos 
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at 1.44 ov* .c. dur •' n. • 'Cr/tlon oro: • *<otl «n of 
7300 barns -t 0,1 ev v ich drupe . .rply »bov< t:»i ,n- 
•r y. Th- r mlt of •r.clo^l n». *n 1 idiur foil in a%>a 4 i>i 
{~1 im thick) ie that e»«entinlly ell tbe tharaal neu- 
trons are absorbed in c^diniun. If two **:ual indiua 
folia >re simultaneously irradiated in a n*utro" flux, 
one encused In a cadmium h. ldar and on ^nc- »d in un 
aluminum holder *hlch io esoentiolly tri f-*ront to neu- 
trons of all energies, the activity of the foil In the 
cadmium holder will be proportional to the 1.44— >v flux 
(indium resonance neutrons) end the "Ctlvlty <*f the foil 
in the aluminum holder ill be roicrtianol to th- total 
flux 1.44 ©v plus th -rmals. 'Uaple -ubtrtctlor of thf 
t’.so activities ives -n activity iT-.iortioj.il to th r?aci 
flux alone. 

This oodmiusa-diffo **nc» -vih-d w«r ut»« to de- 
tect neutrons in the lo energy ran- , ^ium h*;- two 
stable isotopes, r ,hich constitutes 35.5 per oent 

of the natural ele.vznt, and In^-*, which constitutes th*i 
remaining 4»5 per cent, Ifautron capture in In*^ le-ds 
to two beta activitie *»ith hrlf-liv»*o of 4-’ days and 72 
seconds, neither of whleh was ainnif leant for our : eoo- 
urenents due to the hnlf-livoa involv • nd the sne.ll 
percentage of th© isotope present, -‘utron ce ture in 
InH5 lead* to tho 54-nini:te >otivity - ' tinned <'bove 
and also to a 13-second .otivltyj tho latter *ne isude 
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n<*._li ibU i t ,j > i i »t l«t»«f 

three .sd.j«itc* c • li . s* be (< r> •*.■’■. 4 i r.r - 
uay also be excite jy wit ir.l* .ti. o tt*rla# 
to a ett.- t*»bl9 l*.ve3 •- 1 340 irev, . in* to the 

ground sWte by • otro.ly internally-' ^v-rted axana 
transition of 4*5-h.-r half-lif#. ' - si.oid for 
this excitation io aboit 1 :*v l 4 . *h> cro • »cti.» is 

uboufc 0*36 barn* s d on th* earner I *;nt; of rittl< *•, 
Faul .nd ‘orrer^, it is cenolud* th t thi-. activity is 
negligible in the r>ro »nt ex:<*ri eut , 

Tha xrescnc cf e foil leaf to rt Tb - 
tion of the neutron fJux. fothe^ derl>- < ”i«- fo.lln* in** 
foil drain factor for i.-cs: 

f • i (4) 

, H >: 3L 

1 4 2 * 2 Hk -* 3L ~ 1J 

c » 1 - e** 6 (X - 5) + fi : b i(~- b) (5) 

where a ® av rejo ‘'baer.tion ror^bility for 

any neutron atrikin the foil; 

6 » t ickna; » of th© foil; 

^ « reciprocal of th© a n free path in 

th'» foil; 

F* * logarithmic m*?r*y interval; 

« radius cf t..e foil; 

V « ocatti?rii' ’ *an fren . .th of the 
medium »urroundin the foil; 

L - diffusion lonyth for neutrons in 
the nediuti surrounding the foil. 
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*or fell o- >1 • t«l/ i>j . cucr-,t . the dr-- in 

correction u«od «s l/l. .1 l 2. fu*. to tho lar^a scatter- 
ing c-a froc ^th in air, f U :<*sli*.ible for foils lo- 
cated *ithi; ■ :ct«. c drain cc-Tocti n -ere :*»de for 
ouch foils, 

correction for the ott-nuatic . of the c-d- 
viiuci holder^. mist i>* made b<* C 4 .-VI - 3a tho o J rvoio ble 
cross section for 1,44-sv neutron: (11,5 -ms), Tills 

correction has beer* c icuLuted by >.curu of equation ( 5 ) 
as 1,11 for 1 -m c^-guIvj:. holder*, .o«y, 'sin*., *nd 
Coodrrui^ invest icetecl this corr-c^ic exp erioient a lljr 
and obtained a c^cutiuc attenuation factor for r* 3 on ace 
neutrons of 1,12, correction cf 1,11 t used in all 
computations in this work* 

Neutron flukes in tie hi ;h arerry region • are 
obtained by threshold detection, crud-i 1 :th» 1 cf neu- 
tron opeotroacopy .hioh makes use of varying thresholds 
for activation by high entr y ruutrcfa. T! • prado* dnant 
fcotor in deten-laiar the actual thro, hold oner.iy for 
neutron cctiv* ticn U, th»- urohnbii I ty function for p-:na- 
traticn of the coulomb b,.rr5ai >>y th jr<ton or 1 ha 
particle vdiioli nuet be ©spoiled to ro ace u radioactive 
daughter. Bet he** derive, i a penetrability function sJ.om- 
1 eg that the probability ox cr charred article 

iron a nuoleu* is 
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g? m total Kinetic *nur 'j of the system 
•'1th r* 9 f»ct to c.cl, coordinate*; 

, 2 L & * 0«960 z « * barrier height. 

R A V? 



Tho penetrability function thus calculated is *ith ct 

to the center of ru. th*»r* 'or •- ita effect «u*»t be 

added to the r ©action threshold to find the incident 
particle eacry.y in l**bor<itory coor Ini.t* . for «■ .Ivon c*©n— 
etrabllity factor. 



m 



» - : 



<fl 






(7) 



A T 



^ • cnax^y of the ro- ctlou, 

^ nuiiboi* of tt iL. loatron, 

ts i"xi.siJ mv o^r of the tar et nuezeu. • 

27 

It was decided to use r>ho.* uoruu^ and alurainun 
X'ox* detection of frt neutrons in th a* c ^rietoata. 
P^{n»p)Oi^ has e tfcreehald of 3.9 v c lculi't v by i- 
quations (6) and (7) for 0.5 pa ruativtl -n probability, and 
leada to a 170-aiinuto bou activity in I . s.*Lrill rly, 
Al*^(n,p) Ur*^ has ft threshold of 4.6 Wav for 0.5 penetre- 
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ti *rt rob^Mlltr, • 1 3 t 1C. 0 - .1 idtc do .Jr tir. Xtt 

these el **~*nt8 1 mi 7^ er ; r*e.5«5l* th--r '«l cctlv' tir- .2roi3 
fscctio tlx, sa4 to prer n s'Oh t. v >rr. 1 •ictive.ticr • , the 
foil© -or; irr^di. ted 1^ e«i<S«i ! 4* hol-'er . 
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\xp^rl ~.~nU.l ^oil 'Yocadur 3 

The indium folia used in tnese experiments 
ware the ease foils used by Tittle 1 , Face/, alne, and 
Goodman^, end Delano**. They wore cut from sheets sup- 
plied by the Indium Corporation of America end guaran- 
teed to bo of 99*97$ purity. The sheets -tore hand- 
rolled to a thickness of 0.C03 Inch, or about 56 mg/cm* 2 . 
Tho folio were die-cut to a diameter of 3 cm ana care- 
fully weighed, Theso foils were calibrated by Tittle 1 , 
and hia calibration factors, which arc t bulnted in 
Tables 2 and 3 of Dacey, Faina, and Goodman^, were used 
throughout this work. 

Tho aluminum foils were thoso U3ed by Delano 
and Goodman*'. They had been cut with 1 3/16-inch dies 
from 99*8$ pure 0. 024-inch thick aluminu' sheet. The 
phosphorus foils were mode from 1/16-inch thick, 1 3/16- 
inoh diameter lucite rings filled with ACG powdered red 
phosphorus and covered on both sideo with ..ootch tape. 
Theae foils were considered to be "thick” to the beta 
rays emitted, and no corrections ware made for the 
slight variations in mass between the foils. 

The foils were countod on tho counters used by 
Tittlfc-icby Decoy, Paine, and Goodman^, and by Del*no 
and Goodman^ (see Figaro 6). These counters consisted 



of two Viotoreen mica window bGte counters ( 'odel VG- 
Special) mounted in cylindrical lead shields, rulsos 
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tTou v.' c ’ t • j. ■ , ■*, .g o t . ♦ r • ‘vUfi*;# 

and scaloa-or-aiuty-four. .n eleclr’c ti r *r cperdn! 
zh-ii counters on a cycle cf: oca .•inut. off, five rti ut»» 
on, one ocinut off, five nixutcs o i. 

olano^ detardnea the count or a tc be linour 
beyond 20,000 counts per dilute. r o countin' above 
10,000 counts per ad&ute -ras attempt cl 5n tbes< experi- 
ments, and generally courting doiv b.lo*. 5,000 per 
ainato. Hence no correction for & center ce.c tiic<- re 
Xidceoeary. 

Counter fco. 1 had * all hti / higher sensitivity 
than counter 2. Thin k»u correct -c* oy couputih?, a count- 
ing ratio according to the folic inr . . urtlcn: 



fJ n • c i2 
c 22 # C 21 



H 2 



where C^x " activity ox’ foil 1 in counter 1, 

Cg 2 * activity of foil 2 in counter 2, 

C 12 “ activity of xoil 2 in ct*' it >r 1. 

U 21 * activity of foil 1 in count ir 2, 

R ■ counting rsvtio between the counters 

for equsl foil activities. 

By the simple expedient of cuuutla** tno folia almultane- 
outsly In the two counters, and jwitchin. the foils be- 
twoon the counters, a counting ratio of i.u^ff mis deter- 
mined to uoll within one-lialf of on- per cant accuracy. 
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Tn »n -tt mu- tie*: e cr •eriesnt. , V' ■> fc'l holders 
ore :U ' 7 end " ' ~lthln the -hicts v y '“cotoh tap* f^o< k 
snail wire rln/* which wns ullo*« to 8; ri*; .• t t ' tly 
ftgain»t the duct .-Rlla (»«a v ‘i'~ur« 7 ). ,T 'ha phosphorus or 
Glumimir foil3 were locate >t the sxi s of the due*. The 
cadfislura-covered Indian foil md the lu^vinur ~cov-:r •’ in- 
<51 ur foil So r one posltio; within tie duct ?ro lec t»d 
»’*tnilljr distant, froa the diet >^io, th • wiu ;tioz bring 
rvdo that if there were a flux red! at aero >j tfc . duet, 
it vjculci vary symmetrically about tho axis f the duct* 
1th the foils in place and tnc door closed, 
the cyclotron was operated lor five to thiity ninutes, 

>ji attempt was rondo to irradiate the foils farthest from 
the source sufficiently to get statistically significant 
counting retea without activating tho folia nearest the 
oyclotron to eueh s degree that unusual delay* * «ro re- 
duirod before these foils could be counted, 

After irradiation, the foils were removed from 
the duots end counted, tho least ectivo tclno counted 
first. Indium foils were counted five minutes on the 
front end fire minutes on the beck, the i u- b» ing oon- 
sidorod as proportional to the flux, Alui.tnum foils and 
phosphorus foils wore counter o r 'ly ou t> »* front, the "8- 
sumption being f-jede that t..c;'* foils w*r so transparent 
to fant neutrons that no imjortmt differ enc 6 ould be 
found botwoon the front activity and the book activity. 
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rA of t.hJ »ctiv tian. "orr 1 ctiom ■'ri m •? *o , r >Z r 
counting rotics, for itt-n* ti • , t' r - .• • 15- 

vifluai foil O' libr >tion in tccnr Inner, - it 1 , t 2 and 

3> 1U£« 19» Decey, uinc, and Geo lisan^. The roan}: ant 
activities *. ro then oonsidar* 1 to b; yr<>;trrti al to tha 
neutron flux at the foil ioo-tlon* 

Although in than* ex ri . n r M'a 
consideration was the ralotivi flax, t aiffs-' iit intw 
und not absolute values, \ore ld.:s of absolute flutes nay 
be obtained tren the oelihratior of the foil: • ; inst a 
Jniovn flux by Doc ey, nine, or. i o oedevo ^ . 
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Onn ^, ray ^.oa.'.uri .t^nts *> <r« t* ’ • thin 

the duct u 1-. • t ■ tandard Victor or .-1 Id 5 ‘chyrv ie 
Ccie»- tub* and on «*..pli l -r-scz l. . .la* flux n%»a o 
hifh that even at the outlet of the h*. rt :uct, the count- 
ing rata Mocked the scalar, «e cone. «tt. it was .aide 
usinc e smaller Victoreon Geiger tube *o el liv V/VOU-II, 
This tuba has a sonsitiv* volume of 1-s. thar. 1/10 cubic 
inch, van vhen cnolosed In a shield of 1/2 inc' s of 
lend, the counting r te .id o hi<-h tu-c •■••curat* read- 
ings could bo obtained ever only th* 1- st fc feet of the 
duct, 

/coeptable gcicjaa ne^eure.' :nts • ore finally ob- 
tained uainr a fish polo lonizvtl^n ohar r or ojnltor »v,d« 
by tha *-.I,T, health Vhysio: too, ho.u •' by —mol Levin, 

This ionization chamber ua'.d •• ■ ir. 1<* u> nitorin circuit 
developed by the Clinton Laboratories, and *«s o'xibr'ted 
with standard radium sources befor cuauremcnto In the 
duct e were be~un. 

In all surima mer.#urn*««mc r sorted hi rein, the 
distance olorv? the duct *xl« 3» considered to be the dis- 
tance from the entrance of the duct to the nid-point of 
the ionization chamber, It is realized that U ia intro- 
duces an error due to the finite si».o of the c; b*r, but 
since the r- lativ* r j un int-irnl ties -it *py oint, ••nti 
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III. Rsffrr;" ' .tin mcrr-ria* 



„ . ° . 1 . 1 .^. h iSM 

To understand the effect: of acta within 
stole Ids, It io necessary to kno ths tt ywitlcn ' ’ r-~ 
iiatio.n In solid shi.id, I 1 : In no ond Goodcum^ Iny^ 1 1- 
gated the .1,7. cyclotron stoic la -nd obtain**' *tt?r\ lo- 
tion lengths * of 26.5 cas for both therael and inci-j ; 
r-asonan.ee neutrons (see reference 6, Jiguras 14 nr.. 15 ). 

The results of 8re.li* no «nd Goodncxn were not di- 
rectly explicable to the shield <%ll in which the rec- 
ent ducting erperimats were conducted, however, eirco 
their investigations were in the »nll oituatod 90° to 
that in which the ducts were locate . The bor» hole in 
which their rensurer.enta w* re rede ■** located bout 
21.7° fron the exis of the deuteron path here it • tri 
the terget, or t*oll within the cone of . rintry neutron*. 
The epeotrun undoubtedly was ho.rd»r then in tte pr*»/ *nt 
ducting ax erlcentc. 

In order to obtain the neutron attenuation in 
the wall in ehich the duct* -ere .located, i eiiJL. r ar- 
pcriiicnt vraa conducted in W ioh the strkirat i*ct 
filled with concrete iuo of co*. osition equivalent to 

*In this discussion., attenuation len tb is taken as the 

distance in which the re<Jiitl**n undyr,-o':3 reduction 
by a fnotor of ten. 
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that of the duct blobko th*rsel.vs'. The neutron < istri- 
butlon tirc- 'b the resultin' e* entlally solid chi Id is 
shown in : inure 1C, '"he attenuation length for in<iua. 
reoocanoe neutrons la .bout 19 cma and the attenuation 
length for there*.;! neutrons is onry .'ll>Uitiy lurgar, i.:,, 
20,4 O&B. It hour h the observed curve or neutron attenu- 
ation ia no Ti y lin-Aur. thex*« i» li. ht u; 1 ir- curva- 
ture In contrast to r«lano and (?oo <un' retult*, T no 
larger attenuation length:* observed by the latter proba- 
bly result fron the higher oner y neutrons, return oly 

the upward curvature in th». redout curves recults froa 
the hardening of the si ectruj an on* .ova;; into the 
shield* It Is unclear why a sinil r curvature *s.s not 
observed by Delano nd Ooo&nan. 
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Theoretical Co-' Hor»t?on- cf t- c ffoci^. .-f luota In 

/t eny nint Ithin uot it is co venlent to 
consider the neutron flux at a ^.iven energy ae made up of 
three component j. iha first cu->pon*at, hereafter called 
the "direct" " exponent, i? rr.d ’ ur> of th:»» neutrona 
which ore Incident on th« Punt opea’air nr.'; ire tr nsnit- 
ted directly thrciph nny straight s’O' l n of the duct 
from any source without striking the duct wells or pass- 
ing through the shield ants riel. nothcr 'ey of describ- 
ing thin direct component ia to co ai er it as composed 
of those neutrons which would b« .recent in o duot in a 
ehiold mteriul -nich is perfectly opaque to .iwutrone and 
has a zero scatterin' cro«« ooction. 

The second, or "transmitted,* co *. onent con- 
sists of those neutrons which are incident upon tna v*» lie 
surrouniii-’ the. duct opening, penetrate th* cniold -^.te- 
rial, one are scattered Into the duct aons.-her* long ita 
length. Otherwise stated, this co-ronsnt ccneists in en- 
tirety of ell neutrons not incident . Iroctly upon the 
duct opening but which are l**ter found -ithin the duct. 

The third, or "scattered,” oo* on*»nt ie cede up 
of those neutrons -filch par's thro * h the duot op«t i.t. and 
are scattered one or more tide * froi». the duot -ell* s 
they proceed dam the duct. ‘his co onwnt can be con- 
sidered to be the "streamed” or "enn li^ed" ct -ponmt. 
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To ft roc* first o .roH»> ‘ition, th*» tie*. juitt*d 
component is ?lven by the fl'i.. in *clld co orete a- «ho»*;. 
in Figure lv, cxoo^t for the first fs-v inches of the duct. 
In other words, the flux of neat rcn* vhich is transmitted 
throufh the shield m&ttulal to * loll loceteo at, for ex- 
ample, thirty inches frge th> intrtr?. cl ths ttrai Lt 
duct, i_ air rt exactly Vj • t lux , ilc: !.• found »t thirty 
Inchon in e eclid shield ,-lth the e* .e incident flux and 
spectrum. This ignore^ the cits. 11 contribution from the 
neutrons incident on the pluf -t the entrance. 

The scattered cot : a vnt Is ot euaceptible of 
direct calculation cr experi-ent.*! cet .rcinuticn, but lt 
nay ba obtained by subtracting th< tran:i.J.tted pi no di- 
rect components from the total obt Inod from direct exper- 
iment. This has been done and plotted in Pirure 11 for 
resonance neutrons In the six-inch straight duct in con- 
crete. The scattered c font'i.t , sxo«’t ov it the first 
few Inches of the duct, i. r almost exaotly exponanti 1 in 
form, and ie the major contribution to the total flux 
over the entire lenrth of the duct beyond nine inches. 

The direct conjoncnt, on the other ' • nd, is lea* tu n 
twenty per cent cf the. total flux except over the firut 
six Inches and the last eighteen inc * s. It ap> j*.re fro.-, 
Figure 11, however, that for .iix-inch ducts longer ttan 
forty-ei.ht inches in concrete the direct conu oaeot .’Oul i 
beoow: dominant, and t.,*'t lt vonld bo do.. tn».nt for «vcn 
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shorter aucts if they were of a in -:tor ihiIIt t. r. 
six inches* 

These thr<»e co’^ponerrts gt' sho»n rc’ — :tlc'-lly 
for s ctr* i >.t duct In firure 




(a) — — * direct coeponent 

(b) — — — - - transjnitt >d component 

(o) - -- -- - — « scattered component 

F » foil 
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hi iir*ct rt« ?T.r:«Dt f ' r flu* .it lo » duct 



la 3U3c . tibia to ir-ct ’sti . euia 1 ufl7i..tiun - fol- 
lows i 

>U - fl**i<« I^otroflc U'juri • OX U«Uti’03B ist 

the «ntr»ACw to *. <1 » at. - , raaiue r la . complete- 
ly newt •• or cv*qu« ncr-ecc • t«rl ’■ •rj.»l d r* tar 1*1* ( vae 

naiiiaptlos. 1 rt.'-'lo . la .-•>ll*v«’ to be 

a c oo* err* :o" t r • *nt ivr *tl "tic.** .) Coat leer the 
ectivotio' of f.il at t,rie fiuct a.ttr nee / am: t e 

fiiatvvnct ^ -It. in tbo -.uct. 



Aaaurje th: foil t . 1 -ctiv<at*u to -.n ■ o Lvi'y Q n.. 
the foil et to nn activity ^ «*>ilc ir r^lot*. to * 0 by 
the ratio f tb r .»• of tin *!uet o ■ l.i to !'• t of the 
hemisphere of r -'iun Jl : 




figure 10-b 




(«) 
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Cinca the Jlrcc' o .no tnt 1 : .* I'l'O/t.i.t orr ct of 
the duct length, any errc i< the -Ti- -tino of tl» * e.u - 
tlon for th- direct o?- -c- / t resell ' ror the .'-urii- 
tion of » pl-ri iootr plo scares »ioe; n:-t roiuc-' • st;- 
nlflcrjat -error in the c^.vuteti »r. °* t .« -tter v-o compo- 
nents. 

• j'ln'i’ C' v.j • l r> i*3 ,r.v i 

th? aofittgri oroa- a->»t!or.* *o r V \* »o , ^ in 

thoda exparlr^nts .ere xl. » :je.* u or th*r*»ls, 6, co.uo 

for indium roc > ’ r, *Tica neulr* and 1.13 bc»rn» for f .t 
neutrons. '! hus, * m in the >m>*!*iix, on. cui- ex- 
poet that the ;c*t ttcred oor ,«oreut o A the fuet n*utron 
flux ou Id ex; jrl’net u -rvt*?r t. Hr.:;: t.Un In c given 
length of duet th--.n »-xUl • ihi avu.ttc.red co orient of the 
resonance or ther**-. 1 neutrons, ad Iso that the ■ irect 
on<j oouttarod co. onenta of the fuel neutron flux ould 
experience cr-- ter attenuation <t duel bt . a. his let- 
ter phenomenon 1. increased oy the rector for*«r n- of 
the scatterin' o* fe-t neutrons in thi 1» oratory coordi- 



nates 
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D1 actual on or? - 1. ..t .1 

a* Tfctrml neutron a : II* »■ ►••ply the con v id err t ions 

outlined abov« to the curves obt-i >d by teperif.ent, /iny 
significant effaota on b vuelitetivily und»rstood. t 
can be aeon frc:i "l-ar-s 12 that urtdrr tha nerticuler con- 
ditions of these «xpnrt,*.f*ntn f th* r« ttusiu»tlon of thsrr*-l 
neutrons in all ducts In *iifl«nt icily exponent iel. ^roo 
thia It -ould arpeor th« t ’ho -inert coorontnt nevjr be- 
comes ov«r-rldLn« for ti- v .• neutrons* i ce «. ceatvricon 
with «*ipure 10 fO 7 * pout roc- flu- in a-'li » concr - e indi- 
cates that this latter flux is «* sea 11 fructior of the 
flux ir tbs duct it the smrs dr'-th fro*, tha frost v 11 of 
the shield, tla ir*rj itt* cor co.nent Is alas . eon to be 
unimportant except for th<- fir.t few /.eon free p^th. in 
tha duct. a re ult, the scant*, ad covenant i* by t-r 
the most Is.i/iorti'nt over r.ost the duot 

There ors perturbations frer. the striht expo- 
nential form in tha curves of "i-zre 12, ho>ev«r. :he 
helical duct curve re .ulna appreciably e bove thu exronon- 
tlal for almost the fir&t fj.X'teen inch . of its leu-th. 
This woul appear to indicate thet- th- fir.'t, or tr- ns- 
EjJ.tted , component is more import-- nt over the fir it sec- 
tion of the helioal duat b» ocwn^reo "iti the oth?r • In 
the heiic 1 uot, the firet .’act of duot lca-;th 
the duot oily about nin incl fro-: the faoe o' the duot. 
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DISTANCE ALONG DUCT AXIS (INCHES) 



In the ettnr t ctj, ‘J * n -'t --t ; length re** fci 



tha h;eio Inch : .v t. v . * fee*. n*- -ould 

expect , th* r» *or:>, thwt f ' o . o 1 b • l t- io- 
citt-.d eou • • n*t of t vr inti tt*. d: *t free 

tlicj c oner o to ow * u. dir .t fo* : u -.c of the ..lie 1 
duct, expect' *.i“ -> ir**o t: ' c> *v* fo i r*w in a.- lid 
cozier® . , l.utc .io, *• ■ 3* " I', • i / br ! * ir.rl ir- 

ten.llicti in thJ o vie! tty. 



It «<J T « -Jt'l * f C* - Fi .U>«a 12 ..n<? It tlkst 



tho attenuation in tbc- due. vith f o ric ' t angla ^nda 
chews e nurh/l dip no «•'?*■' fr« t* > *.• , L-a-rf 111 in "Che 
vielnii/ ex' the t« o oend , - n6 ih»»t t i > i; 1 • '.>ro pro- 



nounced ut the rir*t ben zbLf> ... ti.< . con-' 



Ilia Olid 



seen to indie ta that the i'irJt fcond 1 J *'.n t><; the. 3.1c- 
ond, or direct, e onion cut fro: ti e - i urc- , uud Unit * 
given length of bent ract ro^alto 1.; rttemn* tion, 

even far the- -ul neutron: , ■ .'afcn -*« a !*•< i .. * 
straight duct. ./ »• < direct coupon ' t, orlrlf In e 

virtual aOJi’Cu on the, rjutoorvre ‘»tlo of ifce first i** )*J , 



io projected do .n the second str 1 fct vctio;< of the duct 
The curve for th*. duct .1th t\»o el ”i o* • le 
bando is slightly flatter ever i:..r 1 r . h bet 1 <-• - th* t*o 
bonds than over the real tf it- 1 th. '.'flip c n b* un- 
d«_*stoo3 *ven uia considers that ow it tti» J.«n- th the 
first, or trons.uittcd, eo^ronent ur.dcr^cou r.o fleers ae what 
soever, sinca the duet lr yeriiHel to th< front face of 



m m * 




. 






- 33 - 



thv ■"’* ’ ’ T ' l *•• • f L lT ;t\ 

i» ir an'irjlae to tb r rv<-. i fr c* *>f tbe Mils , Ut th* 
tri»h«- iUO «Ci O » !fc ‘r ' •, , | r i»tv» • ■ Jti *1 

UTB 10, 

IX •>T<»a .a st r_r/.# •- #. All, ) t • t vird 

trend ov r th*.lr 2m *t fc<* InoV !• . r nr <.T.p] i.-ied 

by .'Ointlnr o-ji, fid i’. *• * XI? . i - •• - ’« • ' v i ,i cfc* 

]»• <1 m rMfce.fi** 1 •Mu ’ th , inf tl t V *•»■•• *<-re, }.■ r-4- 

fore, not to l'- if t?i »• i.l _r ui r w- ; ;<it- 

fcereJ b*'Qh thou ->y ri- \ loculi- t u their r -«.r. 

In other > or. , in© y’oil * tv.’ tJu. w.:t -r ur rv.rc rub- 
jaot to certain amount •" l’> to ef: 1 ct frv* cv *ct.. 

fart'vr fron thn f ^ent •>£ ^ ;> * j <; 0 i . i . * c .\ • ■*. 
roils at t>9 Cue? ftrit.e •*•2 0 ut , •>. • t'.tj infiueneo, 
and thus thci.r nt in^c -aif b*. ox.-eot-c l.o : le - . 

Cart*, in otic* vcrtovi .it 1 ^ r • r i to con.' Jr _ 

that the. t.o .a* eu‘ Uit- ria-1 r**. . i . * th *. 

tion oiViiad, w» n tt- « oau> ■* ion 2 o'* tj.. - -1 uv;.,r * _• *ro 
0051 ■J'cc. in r i,v.u*n 1 l’cr- t * r*-*:iej.JLl/ if* ’*ri~ 

cion. tr>l condition-i, In :*•.< oeuta only jIT tho coourvte 
blocks {t ■ •■•nty-four inc ■•*«• ) • :?* i r . l.so; io the ot 4 ^r 
all blocks ( forty-cl tLi ihjhci) i *d, CoMpariaon or 

the •'tten.u. tier : for then* j-ortic** - o both du’i’ -ithin 
a distance of t ■ :nty~four inc: v* frori the oiit-»r f" o« j.rtdi- 
catoa idcntic'-ii reluv tiot: l*u t r> r . fivea -action 

of tuct tL- rttenu tion ie th^u n * rtJally 

on the tti.ount of Bhioldln • t rial beyor.d th* t oeotlon. 
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•ll'r'i'M ;.r t- - j r~ ’tr~ne duc+s 
of tho :‘h o .rr ntl* Ir.y ati.-et'.- c* n •* ru«»-.*»rle.*d, 

t)’ r.rriTi r< , •■•:.' *My ro» rnt* »I , ' ?> r r.tf-e—'ution 

3 -U' Ui c f i t^ 4 aV'I.r SO,' - ’ o^o - ‘'Ir-ineh circular 
»1uol.. in 1 •« , ■!'-. * »L* l*. rir. : i*tur** ! >ni u« to 

■hov.nun.iv »ro ‘ * -trie* •! off' 'tt t /.i V •jrfne.js end 
tfuot b •*?, 

b. rooonanoe n itrt-.us : T- 1 cu'V-* >• su> ''criz- 

ing the results of btteauation «xi orients for Indiun 
resonance neutrons, Figure 14, am <iuolit^tlveJLy similar 
to tho#a for thwrf&el noutronj, *1 ;ur« Thor* .re 1 . 0 :• 

r«rk»d ;uw«titotive differences, however* the 

no*t obvl'nu is that the attenuaticea 1 ngt r. for re* onanoe 
neutrons lc considerably le»4 than th"t for thor> -1 , no 
can bo imeai.otely seen in ’’ir-urca 13 , 15 » am 16, he 
ettcnuevU or length for jreeorenc* neutrons in all duett 
was, in f*ct, about 44,5 Sms ns conn, rod to 50,7 c.«~ for 
thornal neutr m». This ould s*er to folio directly 
fron eo/.oideratiens mnti< n*>d ub^v* of * h" differences in 
ooatterinf* croc; sections for the*® t .o neutron rout o, 
thus increa. ir... th.5 attenuation of ti*o scattered conso- 
nant, which it* dominant over tho eutir* lonrth, for the 
resonance aeutrona a.. co.„ ^r-.d to the thermals. 

fit 11 1 r ccro Iteration, ex: lair* the feet th- 1 
tho curve for the tv»o-rl/ht--mr*ia*-b«no duot has c oh?. rjwtr 




DISTANCE ALONG STRAIGHT DUCT AXIS (INCHES) 
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••pop 'it tii* t • . • • • ■ r.^r V' 

i.Pd I- over ♦- • 1. *tJ rr * 11= crtiMi, 

♦ t!«v> t» r 3f*l to L *• t fao * tha *»•.> 2’. '"or# 

i*«uo'-iiris»t nvntrorw r'.V-lv * » • mli tuna to ccrtlr?'# 

o: into tb . o' it . * ,■ •( : i •••t.i-.; t . ji t- 

t«» r r if ’ irr *■ >< t* “ ' • *»1 • t.’’<* • . ! "1; 

tii<v oo 'O’ ’ * ’1 • no *. t -t - fo: lrr.a . 

'n- U '('o infect r*!i;/Uir.< ! ,r -rtr rt«l br- 

hind .v/j v*o3i ) in rro.it, f ti •> JCo’l . , ,>ati . li r.- 

•her ft 'rut /' •r.avoio '.bar# .• • o ti. . alljj.t 

(3 cp / n- tire 1 tr*v ‘ cvo,r IK* .'-s.'t u» l <c . r>r tbo <1 i * ? 

ourvo la not «**ai X/ ro in. <>.■ - m, fo • iv \o- nvitrons 
f ine th.ia n mr,.. on- **v • ■ • . i-.-bn*' rr** 

titan tbo ff.m 1/ tin • a/v: i > «etivot* : . " ’la 

from tk» for*f?r«i tif, y .;;dy» r ui3 , ill* «' • ru 

trand ov^r th > of the .> ~v .* o o oi*t Teal lo -*o 

graut an o^t, -” 1 *', *.u ti» r • w-iio*' C/.t 

*.# a rnttar of fact, the corv:;* for the itrtirjbt 
duct a for roue’-/ no* r,e trait «*olu«ily *h . * <11 ut .7 *rd 
t'-.ni in th'iir 2 'at lbs Lact-a. no inlet ear act, .j 
silos’ll in figure 11, ttot tewrA t * of th# <»U- J at 

duct th* sect.* ared '•oa^oei^-’t o l* « le->»- 1 •• . r< • ut 

<■5 oc"/ to th# dlrecfc cos ;.(/.< j t. ' ot' -illy, »:•• l*#t 
tiv in eh o'* of the r tr irVt duct !'• the nrly ;j' c# •••*• 0 
th# ali*oct co ,Of»ent v 0 It Ir e e t r i‘ to *0 it, 

Tf tlii,* b* +1» n 1 th# v •• rrt tr#nd f ra -n*- ■■ ■ neu- 

tron curve* in th# atr»i-rht duct, «» »*h< *r in lrur«n 14 
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cr / ’ 15. c* *• ‘ ,r M ' *•* ■'w , <■■ I-- • t' - • •’-•ci ’-«»• 

t v l To r ^ 'rfi 1 ? cl ’5. “-’5* ! » ’*>'0 oh**»i for 

t, u * lAwt : "I • * ♦ ..* '• t.«J 1 .. -r’t .• t . 'j** 

trrr i - r c*. • * r **t d-v t * r *• - »«t : .• i ; r n*»d t**e 

firrt hen- . 

c. *- - 1 - ... !•*<. ?. \ th* tolrd section 

of Charter XX, the neutron* ;cneratect 1 a t ne rv« y (a,n) re- 
act io.n .In t: . e< «ri.c« »tal • rr* n u ,,n. r«in, *ere 

scattered at loe.it ones and probably arv^tel ti_^, -..lore 
at r lie in/; the 'll In *hlch the duot: or< located. e 

result of this wjutt erln --an t K .».*o t'ie re crons In t.v>t 
part of the arectrua cepeole of eetu^tirr either eludim 1 * 
or phcopiiorna foil throefcol* detector *. ;> not intense, 
end it provei difficult to obtain statistic" 1.1/ ui r-ifi- 
oant results very far into tiff dxictu. to eiffi-ulty w»s 
increased by b.r*e*»c<2 o'Tj of the eyelet ran foi tnn.ct box 
change ffhich resulted In » b*ar curr r.t of ( mterors less 
then half tl**t ott-ined bef or the ch- rz* t>. J# ith 
phosphorus foil* '-no th our irr»* 'if ii-»n run.*, hs**ever, 
it rue osfiitl^ to obtain fs.irl; ■::* roeulte vt 1... at 
through the * jcond '*en« of the b*nt duct. *h»a* r suits 
are letted on l uro 19* 

It is i xtedlrtol/ oj-ferent t »t the atte: u*tiot> 
length for feat noutrr a in Ui** duels w*a considerably 
lose than that for to- r«5on* - :oa ;*n- \ Jiei'usale, n «aa in 
fact only 2% 4 oca over that portion of the ourve ••hicn 
approaches the true exponential. 



y 



"” l • 03 > '• " C' ‘ * * I - -V , ‘iC.nv; , ' rt * 

r? , i3> rt t “ro'i t* * rr ' -r-tr lte roMr* l»j)cth 

t*TT Co t.' . o” tb* r-t ••». * t <•> -rt -* , r*r*%dly 

vjt*r» a, .1. !n the f*r»t .>:•• .1 * " 'f tbs fli rat, ""bio ta 

fc'll'v f' >ti Cuo : li «nt1: .1'/ 1 t! tv: t *■ ton- 

triVut I I'i 1 tr o.v IUp’ :>!'-• i 4 **.' r.ojftlnn 

>? 1’sJ't r .••j' 1 *: fro*t V.-. 1 * • It wr f*T ■*» ' r ** .t •- 

uioro s'j/i’ oo*irrrtr* « oc- r«<“ to <v, rr^l3 •• <? ruo* 
lar.co. 7h otJr*r - g.t- . , ~t ‘r >v 't ' i. u , 4 ■ • to.* rl + ~ 
tod c pot c/it r.jV'e*.rs *o ^-inftw *o • !'• ‘Jr t t.o 
inctaa 1.1- du.ni, j.r-l?. 

Tho faet r* utrc»n ®urr» . 'lift * tv r *fj t> oth- 
ers bat .-nn th ; bam a o ’ {/•:■ V* \t ct. ' - to •■ to 

tvo con^lin jntnry f'-ctorn: e.V ve-y nva\ :«» »o r t t u r lf^* 
crosa fiootlfn for .t t nmutrrna , .blah no fc > scat- 
tered co r :0"'.nt * tbe firv.t bind, «n thr r* -*t*r r.« .n 

frao raath fo.‘ feat nvit.ron.t ia o^arst ■• 'Me-.. >r dts tht 
oo: i-omr.t to »« n re fit.nvj *tti r'^tot 
fco thn other i , Vi r »n* It i*> tt • ' v l*t oa r»- 

nut Is Co»!a*?nt ov *r action cf t*'~» Vat t ct b*- 

t ® rj the band", *n<3 ?,ince tbit C"-' " nt 1*» co * mt 

ovor tM a C.l .ton*’", r«l»t*vOy little rttw tl.'n ot- 
tpinefi. 

r '^ 9 i hr *'p tii the »•<. t *» '.'tror ourva <t t,\a 
bontg a.” r ?c" •;'* t1»* « t’; »•• tr tbn t*ia* 1 * , nl r.'v- 

O'-rr cr* ct«rT<':* ••* tb * rur -.> of ' . > * » , r. •• 4 , f . . x- 

pl-».in*«3 by tts co ldersllon t> -t * - cro?k 
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lOTi Of • >'!•'* ' «' ' *f V ' - ! ’ r v,t 

X ■ ■' t '» •» ' ^I •' ( " llflt Tift ’ lt V. 

in c 1 ‘ 1 l : ‘ t 1 r ! r, ucl; as ’ 7 • * t«p 

fir 099V: 5m" t - r r; c **r .... ' . ■ ; -it re - 

if mu. t •> To. , t oc a e ::< 0 . J : v. ; ill. 5.J7- 

f 1 • v - f •' * ' •■'fir* y, *■ 

A. .> l^ri, > tAcAn -rcim- - ■ y - t 

Conaid.iir the to function o» t .l\ . i , 1: is i re- 
port -\t to determine tl- effect of cj tx^. tot*l 

number 01 * neutron- ich penetrate t' ifcieltf, I. addi- 
tion to the neutron Flux intensity rw» t*io duo* .roper, 

It is neceaser y to knov the red! 1 iiiitrl'outifm over the 
ftice of the ohioid erourv ti e fact o - tl. t, TLn aff-ot of 
the duct; c-n then bo det.o.r*inec by *u.^.i«c u* t.i«» cc tii- 
butionn of -11 .lexnent3 of &.rr.a *ic>cnd th* *..ct unt add- 
ing then to the contribution of the • net :rci»er. 

To obt in the distribution vty r»d th* duct exit, 
foils wore errant d raltelly jrou-i' tho outlet of thi 
fttrcieht duct* fh. rcouitin^ distil -ti 3i .re bx» n in 
Fiure 21* Both the th*rwi >n u.. inaiu*- nca nou- 

tron flux decrscoa r*.ri'ly vit:, incrao .li ’ dl.*t nco 
the edge c? the duct, rn it.e of t Id, hcr-ov" , the to- 
tal contribution to the rom-i * flu- of th»» .re it tin 
four* iuci.oo of he duct nj o- J »* fifi y t ei o«nt of t -*t 
of tfce duet . no; r. 



CORRECTED FOIL ACTIVITY 
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“ "•'* t v • *'«»♦•»*• 0 -><• f.b •* 

C^ndi+I <*»•> ^ ^ « • tMl*r -••* • «*•: » -*.t# lr 

tt'*'. Vid"li r *b« J. « *' <v, * utr ! •►■t f »f»t. 

rolls 1’: r-*i»tll ' •« . < f. fiuot 

a? is o? n' / « r nturf*<K b ♦ '. c v • . »■ rafult* 

in 1 ' r <T3 1 *.«t 'lb itlor.s r ro f r • -•■■•• i- '*• « , 2. Tha 

doer r: s"*» of b*-ch • c nr»;it» on 

fli'3 ia ox • cnvial ovor « <5i«*trnc* of nt*i* rroa 

tf.o duct cdr* * »7cn" frj.8 < !*♦■ no- • <**o? , r- •• tr> th# 

slop* of ' ot'i "’ir-'-o*. la cl- rvad. ir.o- i t In r* • l* ~ 
tosses fron tfv* d-jot t - o'utro*' * 1 i.r *< ud .t ct*d 
to baco: M3 constant, tnls cVa o .'n tl • > "ir rarre^nt 
tha be'? inn. In* >>r the trnnfiltf<ri T.t *•>-> .'•■• -»■ -.1' •. o r 
« .'pooont 1»«1 ^aora se a».‘ t ,r t of «on t -i\ r l'U, 

lb.) ittsivu tlon length for + 'Vr-j»i .^tro *3 
d*3t«r*l by the lottvr nsr ^Irnt to bo 27.9 c*is. This 
co>. j.rod fnvcrn •>l* r .'1 ll\ :r> iy:‘v j. ' 1 of* :c . one de- 
termined fr<va the toTt- f* to c •’ v.o-'-vil nv.tro:.' In tha 
otri t -ht duct filled itn co» -ret . 

Tha autron diavruut io. 3 in tho 5 -Ulfl ro’ind 
tha duct surest tb;t tha 'ffeer- of -’lot* be etro..~ly 
affect ad by tha cop 1 oltln of the . lalainu- 

gr tier ant ith tbo aorly crpori nsVe of Cnals»r»^ 00 the 
c»n*3_ll;:,* 1 1 on of nnubronn. 



o, lift <n f f t ct, of v o 1 0 a : 1 ho tl ooretio*. 1 Jtnf.' .•• 










*** m *•* ^1 ** -rirltfV mi 
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t! *• qT ' 1 - • '•» - - » ir • J | J ,.t 

of t>» ' 'f *•*■ v • J . . • - ‘ 1 1 . it’ 4 L 

. f' 1 i/c-i'* n • • • • ' ... 

•' ' * - r ,f • r ' .*tj . :• ’ • j ;x.'t t t'a 

■ '*• f 1 •• . . . . 

• M * i * * * * ' ’ ’.i . r : if.cf 

/ \ » i''.* ’ i • . I • , t? fifr- 

- i • • - n* " * r o cr t • . * r ». 0” • •• c- ■ 1 • r r . 44 

r * t.* - ** dct- . * o <• •»: •V • • v i • ■ *i * . ■ 1 • < • 

r»,3/>cci. ; c 1 f •• c**.- i ««*H. f * ! *tr%j r,t f t (■>., Vure 

f ) . Tt’», ("itfi" Uom CJ* U*f . • » ’’u : j,: 

neutron fi* r -»rr fin , ; >* if *!• > cc *'• • ' • 1 r«* act- 
ively. / j> ' •«- » • '!'»:*« r i *> i+f) vf V. ! c-i. r < i ••Irl'itM- 

tic-rs i T a tfjlcnj c • *!t , . r ,i: *. • n], r» / ir* tu- cc .'di- 
lution of vro »?: *rj U 1 (‘.V, 

f . H-'n tro^ f i stxi fc-.ti cr . ■. di ;t . : Tt >* s 

t taught not iosroceible t’-nt thcr* ri v : © r 'i»M r of 
neutron fluu »•* a rune tier of tr irv^r © t- Kl. n .t any 
given point a lew the e^ie of dv-t. Vo lave* 
cucL variation Cor inSiuei ; e. !*•*;-• I retu. . i* »i =.11 

c* ftulura-ccvored lntfiAua full* -r< -.xx»..*ur«(J i» . . . lio. V-l 
3ir.ee or.^ri to the rtuct akl«, "-acur »• -v-it 4 **xa .-Me *t 
the miA-pelnt *.n<t outlet tf noil- ot: iri.i i .> * - ■ . 4 <uot». 
In t.i'.i':. O 1 *- tj.- in lu; r*IJC*r r . It 1 r - ili: n 

th* 15 t.Lv* of • u.rr:r to ctm- 

at»nt acrosa thw ouci.. 







•» «*• ' .» - - i* >i «*•*•» •*? J» 
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Distance (d)from Centerline of Straight Duct (Inches) 



g. GfJ- -<> r». : Tn cuij i .-In tw • •ttiuweti^ cf u - 

an ruys la ucti of y* ri t in : (cob ‘1|ux^ 2C), it 1» 
evident thet th* ov'-r-'ll attenueuloc i» cwi.orMljr 
footed by duct "n j netr*. tin* the four fe* t of 

concrete under the condition of ti.e eixcrl-ent, the 1*1- 
icil duot i. r to i • vk ->n effoctivnuco* in attenuat- 
ing :c*i-w ra y* e* proximo t«ly U.r*e tl*<» tLr t if the 
streifht duct. ..xtrapoletlon of the reeult# for the duct 
1th two rl'-ht at* : le b«*ad. . - > ts tbet it le approxi- 
mately ten timeo aw effective »u the straight uct. 

One in 4 ortont feature of the cuttk for both 
helical and bent ducta Is the e • 11 value of th* slope at 
the inner well. s explained by lelano *.nd wood. ■ n‘ , the 
ganyaas within the shield consist of riiwry *-rf-»a from 
the target, rannaa re^ultlrv frac-. the co.tur* of thar;-*l 
neutrone by hydro en, end (secondary t* ,» reaultin* fron 
the interaction of f*st ncMtrcme ith the »hlelo constit- 
uents# The rroductio^ of cul ture and secondary yancs a at 
the inner f**o< ..odd • eec to -rxtloin thi* offeot. 

'he slope of the curve for the etr»*i at .uct la 
generally 1®8* U an tha flora of the curvt ’or eit'.or of 
t'.e other two duct sl«r -a. or# articulerly, it^ .loje 
io less then that for the portion of tho bent duct . ;*icr. 
runs parallel to the inner f*C;. 1* **ould se«< to :># 

explained only by a-- « o r * o- •» it utrea,* ly •ff.'oti.v tn<* 
otni ht duot an- not ffeobiru? the r .• ion of to* Loct 
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duct described «bov . *v. strict! e-wu. LU« <. -it!*: * *.a. 

the continually deor-vioii'* i>lor »f tjbs carrc i*ot u.* 
straight uuot 4*» : eat that t ^ oo*v • <*»*Tit in [uoitioei is 
a direct cowjor^it n.lofco«$ to t it already diecuased 
for neutro . 

? furt or •' t ' ‘ y -.f th*% «tt >r.u*tio>. o : >« i 
In e»Hfi concrete in the re,:i n of t n ct »cr-'t*> bloc - j 
should »x? it ;o »lble to lool te the •- ocr--:'<.'- 

cents contributing to th< t.>toi eff cte , -irair. o^scrit 
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IV, 1 € 

The ex;eriia©nt. r- ortou ho re in >rc only tie 
be^lnninc if the effect- of ducts in h lair a ore to be 
therou&hly understooa. It mxmiu • - *rent Jurinc the 
course of tin , raecnt experiments th*t the «ou\, reton - 
inc of ducts could be adv%ncsd further sy «u <!ri.-**cts 
along the followin'* lines: 

1, -n oxterelon of ti '-or« ••it! voids; 

In particular, experinent^tlon should b» c*rrio-d out 
with the entrance hortio of t..e str».l«tt ,uct plugged 
for various diatanoeo; that li , voio who\*lj be -de in 
the exit of the straight »uct, n- th-> radial ilutribu- 
tion of noutrone ueterednad acroo; th out^r fao-. 
perihicnts should -Isa bu conducted th voic.fi of a fixed 
eiao (for exunple, twelve inohofi) loc ted ut veri us po- 
sitions vlthia the shield blow the streirht duet axis. 

2* A C J- c lcte survey of tho f©o* of the 
shield eith ducts should be ►at e, n inter ration of tf e 
flux over the entire arv: surrounding the uct co - 
pored to an intwrotion of the flux ever the ar.*e orea 
without a duct is the only i >>theo of deter* ininr t.e to- 
tal nu bar of neutrons *»hioi esc pe fror « . .I. l-' **e a 
result of Its boing duct* , This nu frr lo the ,-rimnry 
criterion in shield deslrn. 



3* The «ifoct of duct* ca . ;uae;iaa of 
shield ^t»rl->l j. ould b* • ot ermine . .'hi* -o lrf oe n - 

cilitated by the use of tcnk fills* »ith *>ter in "hici 
ducts of varlou- shapes co*ld b* 1-cvd. uch •• t- uk !.jO 
already beo'i fc brio' ted to fit the -. . . c/olotron door 
in lace of the blocks used in the©«> «: arir ’its. Its 
use with Cuot of tho sene si; o tm- sJje* * those u«*ed 

in the recent experiments should give prellniiritiry indi- 
cations of the function of ti>e shield t^teriul in deter- 
mining the effects of euots. 

4, Duct shapes other t *n those investi- 
gated in the ’resent experir* mta should u tsstod. This 
too should bo facilitated by uain the ^t*r t> ;ks re- 
ferred to above, 

5, .:aver*«l more axotic nothoos of re ucir. 

the total leaks- e of neutrons tlirou i. duct'> mi - 1 -^e 
tried, -no: those »iieJ the authors f*el worthy of in- 

vestigation are neutron fcr* in the form of eactmnsiouA 
of the etr i ht portion of -mt duets «t eeoh 'nn. , ei.d 
duct lining* of meteri. Is bavin hisjb croee seotic<i^ for 
absorption of neutrons, 

6, The effects of duct cro< — aectioxel 
area and shape should be dettrainwd. ft is iOm iele, fcr 
example , that tho aspect ratio (i«e,» ti* ratio of the 
loagth to the n-idth) of tho orosa eo- i* * of reotengular 
duots my have on imjort nt b*-»rl.-> on 'he n*utr‘-n atten- 






« Jl • 










u 




mt m -i 



' > ' 



nation in the .;uot. 

7. If . v tlon * im tc 

similar to tl & r. -ort«?d h*r-ln mjuiiL. r«i<Mit«d un 
the strr-ir-bt uot with th<* ust 1*’ -:h increased by oae 
or two attenuation lenethn, 'Juch ex «1* ants -hould in- 
dicate auC' of the relative lauort«nc • n< tbi lute in- 
tensity c T the irect co* on; at, since tie .irect cu^po- 
n^nt would b* do. -inant beyond e bout forty-ei r, ht lnobss 
in the straight six-inoh duct, 

• t tempts should be ado to obtrin dt to 
on f • ot n*utron r ith er<*';t<r at tittle-- 1 *1, nlfic-noe 

by lncreufi* t; *. c/clofcro. tw«.» ourr :*t, or iy u»ir«s 
lender irr«»di-tl jn tinea, tlireshol ©tuetcr . il j»t*- 
riels with hi* ;»r crosc scctione t un that of *ho«i*bor- 
ua, or electric* 1 counter of the hy ro.?»*-n reooil ty; *j. 

If the ( »o suggested ex, ^risonta »houl*. « car- 
ried out, a l*-rge ejsount of infor ^ti «n useful in the 
theoretical .nalyaia and th» intelli^nt en ' ir» * eri 4 de- 
al gn of ducti through radiation er.iel* .» < 1 b* obtained. 
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reotter inn Cro^ ‘eotioco ox ovor^itt 

In the calculations, **o cc- i> er t<je cjr,-o*i- 
tion of the concrete to »*e . prcxi t»d on ». . ei ht ^..is 
by 



H - 0 . 4 

0 - 50.9 
Si - 4 .3 



The contribution of the values of Hr for other constit- 
uents is ne.’liplbla. 



Let w » weight of element per unit 'eiAht 
of concrete; 

K •» nuclei/ca^; 

aQ ■ scattering cross section, barns; 

« atonic el*ht; 

A - Avoccdro’s number. 
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c- tt^rln^ Cros*. ’action' (barns) 



- lenunt 


•-.utron Jier^.y 


,025 ev 


1.44 -v 


4 ev 


r 


58,5 


22 


1. 


0 


4.2 


3.72 


0 .L 


31 


2 . 3 b 


2.25 


1.4 



♦sztrapolated value 



a 



3C 



.0084 * 55.5 * .509 • 57 • 4,2 4 .483 * * 

.0084 4 -tiP-2 ♦ MJt, 

16 28 



1.8 



- 49.1 ^ 13.3 4 3.1 
.84 + 3.18 ♦ 1.72 



0.84 • 22 + 50.9 

or ■ 

GO 



^ • 3,72 * 4>*3 
5.74 



~~ • 2.25 



„ 18.5 ^ 11.6 3,9 

5.74 






g- 4 gov 

0.84 

*30 “ 



1.8 4 50.9 • * 0.8 4 • 1.4 



Jr . » l.i barns 

5.74 :,:iTT. - =.« 3 a s 
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